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(57) ABSTRACT 

Design and construction of polarization-independent thin 
?lm interference ?lters is accomplished by applying at least 
one of the following design rules to an original ?lter design 
including quarter Wave stacks (QWS) of layers of alternating 
higher index material and loWer index material (L) and 
half Wave cavities (HWC): design rule 1—increasing or 
decreasing the thicknesses of HWC’s in the ?lter by a small 
(less than 1A Wavelength) increment; design rule 2—adding 
small increments (less than 1A Wavelength) to one or more 
layers and correspondingly subtracting equivalent aggregate 
increments from one or more adjacent or nearby layers; or 
design rule 3—replacing HWC’s With asymmetric compos 
ite HWC’s. 
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POLARIZATION INDEPENDENT THIN FILM 
OPTICAL INTERFERENCE FILTERS 

BACKGROUND OF THE INVENTION 

[0001] This application claims priority to the following 
provisional patent applications and incorporates them herein 
by reference: Ser. No. 60/324,168, ?led Sep. 21, 2001; Ser. 
No. 60/344,312, ?led Dec. 20, 2001; and Ser. No. 60/379, 
888, ?led May 13, 2002. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the design and 
construction of thin ?lm interference ?lters, and particularly 
to ?lters that are polariZation independent. 

DESCRIPTION OF THE PRIOR ART 

[0003] Multiple layer thin ?lm optical interference ?lters 
are a relative mature technology, in that higher order optical 
bandpass functions can be tailored at Will to diverse appli 
cations. Examples are various beamsplitter types, ?uores 
cent microscopy ?lters, narroW bandpass telecom ?lters, and 
telecom gain equalization ?lters. Most thin ?lm interference 
?lters (TFFs) are used so that the normal vector to the ?lter 
surface is nearly parallel (at 0 degrees) to the incident light 
(designated 0° incidence, or normal incidence). At normal 
and near-normal incidence, these ?lters have no signi?cant 
polariZation sensitivity. 
[0004] At higher angles of incidence, the S-polariZed light 
Will, in general, see a different bandpass function than the 
P-polariZed light. A feW TFF applications, such as beam 
splitters, are designed to be used at high incidence angles, 
such as 45°. In these ?lters, the polariZation sensitivity must 
be taken into account and either designed out, as in ampli 
tude beamsplitters and dichroic beamsplitters, or exploited 
as in polariZation beamsplitters. 

[0005] It has long been knoWn that properly designed 
TFFs can be tuned in Wavelength by adjusting the incidence 
angle of the light. This tuning effect is limited to about 5% 
of the center Wavelength, hoWever, so that the application of 
TFFs as tunable ?lters has been limited. For Dense Wave 
length Division Multiplexed (DWDM) ?ber netWorks, hoW 
ever, this is not a serious limitation—5% of 1550 nm, for 
example, is nearly 80 nm, Which Would easily cover a 
DWDM band. Since optical ?ber netWorks are not currently 
polariZation-maintaining, the polariZation sensitivity of 
TFFs must be taken into account, either in the design of the 
TFF, or the optical system surrounding it. 

[0006] Coupled Fabry-Perot Filter Design: 
[0007] The standard design for a narroW bandpass DWDM 
?lter is a coupled Fabre-Perot design, Which consists of 
multiple Half-Wave-Cavities (HWC) separated by Quarter 
Wave-Stacks (QWS), Which act as mirrors. For example a 
generic (three-cavity) DWDM bandpass design deposited on 
glass substrate could be: 

[0010] 1. L and H represent a quarter-Wave thickness of 
the LoW and High index materials respectively; 

[0011] 2. n and m are any integers; 
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[0012] 3. The expression, (HL)“, represents the layers H 
& L repeated n times—for example, (HL)3=HLHLHL; 

[0013] 4. The expressions, qL or qH, (Where q is any 
number) represents single L and H layers that are q 
times 1A Wave thick; 

[0014] 5. And the quantities in curly brackets are Quar 
ter-Wave-Stacks While the quantities in square brackets 
are Half-Wave-Cavities. 

[0015] From point 5), above, an alternate Way to symbol 
iZe this ?lter could be: 

[0017] Conventional variations of this generic ?lter 
include: using more or feWer numbers of HWC’s, changing 
the relative lengths of the QWS’s, and including “coupling” 
layers (non-quarter-Wave thick layers) at the ends of the 
?lter (or sometimes Within the QWS’s) in order to achieve 
better throughput or ?lter bandpass shape. 

[0018] Monitoring Filter Deposition: 

[0019] Channel ?lters for DWDM ?ber netWorks typically 
have extremely narroW bandpasses—as little as a feW hun 
dredths of a percent of the center Wavelength of the ?lter. 
Thin-?lm interference ?lters (TFF’s) that meet these 
requirements often have over 100 layers. Modeling of these 
?lters reveals that the maximum practical tolerance for 
random error in the individual layer thickness of these TFF’s 
is of the order of 0.01%. HoWever, state-of-the-art vacuum 
deposition techniques (hoW the vast majority of TFF’s are 
fabricated) have a typical random error of 1% for the 
individual layer thickness. Thus the fabrication error is 100 
times the alloWable error! 

[0020] The day is saved by use of interferometric moni 
toring systems: these systems pass light through the ?lter as 
the layers are built up in the vacuum system. The signal from 
this monitor goes through a maximum or minimum each 
time the total thickness of the ?lter increases by one-quarter 
Wavelength. 
[0021] If layer transitions are done at these maximums and 
minimums, then the resulting errors are no longer random, 
but are correlated: If one layer is too thick, then the next 
layer is automatically biased to be too thin. This self 
correcting tendency, plus the robustness of the coupled 
Fabre-Perot structure is What alloWs ultra narroW-band 
TFF’s to be successfully manufactured With today’s thin 
?lm fabrication equipment. 

[0022] For high-incidence applications such as beamsplit 
ters, the polariZation characteristics of the ?lter can be 
controlled to a large degree by adjusting the design of the 
individual layers. In practice, a computer program is used to 
vary the layer thicknesses randomly (or according to some 
devised pattern) until the desired polariZation characteristics 
are achieved. This technique results in constructable ?lters 
as long as the number of layers is such that 1% thickness 
errors are acceptable. 

[0023] FIGS. 1A-1C (Prior Art) are diagrams illustrating 
the layers of a narroW bandpass telecom thin ?lm interfer 
ence ?lter, composed of alternating Quarter Wave Stacks 
(QWS) and Half Wave Cavities FIG. 1A shoWs 
quarter Wave stack 100. QWS’s are composed of alternating 
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high index material quarter Wave layers 102 and loW index 
material quarter Wave layers 104, in this example silicon 
dioxide (SiO2) and Tantalum pentoxide (Ta2O5). Each of the 
layers 102 and 104 is one quarter Wavelength thick, ()L/4), 
Where the wavelength A is the Wavelength at the desired 
center of the bandpass at normal incidence, measured inside 
the material. 

[0024] FIG. 1B (Prior Art) is a diagram of tWo QWS’s 100 
combined With a Half-Wave Cavity (HWC) layer 110 to 
form a narroW bandpass ?lter. A HWC layer 110 is a layer 
of either the high or loW index material that is an integral 
number of half Wavelengths thick; HWC=(2L)n or (2H)“, 
Where n is a positive While number. This single cavity ?lter 
is equivalent to a Fabry-Perot ?lter With partially re?ecting 
mirrors equal to the re?ectivity of the QWS’s 100. For the 
center Wavelength (Where the cavity is an integer number of 
half Wavelengths thick), the re?ection from the second QWS 
100 (on the far side of the cavity) is 180° out of phase With 
the re?ection from the ?rst QWS 100, and (after the transient 
response settles) the tWo re?ections cancel, and the desired 
Wavelength is transmitted through the ?lter. For highly 
re?ective QWS’s 100, the cancellation is nearly complete 
only very close to the design Wavelength and fails at slightly 
longer or shorter Wavelengths—hence the ?lter transmits the 
design Wavelength and re?ects others. 

[0025] FIG. 1C (Prior Art) is a diagram shoWing several 
single cavity ?lters that are combined into a multiple cavity 
?lter 120. The number of layers in the QWS’s 100 can be 
adjusted to manipulate the bandpass shape—and a Wide 
range of shapes can be achieved. For telecom use, narroW 
?at topped bandpasses With steep skirts are of particular 
interest for separating out channels from Dense Wavelength 
Division Multiplexed (DWDM) ?ber netWorks. 

[0026] FIG. 2 (Prior Art) is a plot of the bandpass of a TFF 
that is angle tuned aWay from the central Wavelength of a 
multiple cavity polariZation-dependent ?lter. The thin ?lm 
telecom ?lter is placed at an incidence angle of 22° to the 
input light. At this angle, the bandpasses for S-polariZed 
light (in solid line) and P-polariZed light (in dotted line) no 
longer substantially overlap. This ?lter could not be used in 
a WDM system (at this angle of incidence) Without using an 
optical system to convert the input light to a single polar 
iZation. 

[0027] TFF’s can be designed With nearly arbitrary polar 
iZation effects: 

[0028] PolariZing and NonpolariZing beam-splitters (both 
built With 10-30 layer TFF’s) have opposite polariZation 
characteristics, for example. HoWever, these designs all 
require numerous layers of arbitrary thickness and thus are 
not compatible With the interferometric monitoring system 
necessary for successfully building ultra narroWband band 
pass ?lters for DWDM. 

[0029] It is also knoWn in the art to replace half Wave 
cavities (HWCs) With symmetric composite cavities (such 
as, for example, 4L 24H 4L) or to add a HWC thickness to 
the quarter Wave plates in the quarter Wave stack. See, for 
example, US. Pat. No. 5,926,317 to Cushing. These design 
methods are achievable With interferometric monitoring 
system usage, but suffer from other disadvantages. Thicker 
HWCs result in smaller free spectral range for the ?lter. 
Adding a HWC thickness to the quarter Wave plates in the 
quarter Wave stacks makes the entire ?lter considerably 
thicker, Which makes it harder to manufacture and subject to 
greater curvature and strains. 
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[0030] A need remains in the art for designs and methods 
of design of polariZation-independent thin ?lm ?lters Which 
can be accurately fabricated. 

SUMMARY 

[0031] It is an object of the present invention to provide 
designs and methods of design of polarization-independent 
thin ?lm ?lters Which can be accurately fabricated. This 
object is accomplished by providing designs and design 
methods Which vary the polariZation response of the ?lter in 
Ways that still alloW the ?lter to be fabricated using inter 
ferometric monitoring systems. 

[0032] Several speci?c methods are shoWn for modifying 
standard (coupled Fabre-Perot) narroW-bandpass DWDM 
?lters in Ways that affect the polariZation properties of such 
?lters While still alloWing the effective use of interferometer 
monitoring during ?lter fabrication: 

[0033] Method 1. Add (or subtract) a small increment of 
thickness to each HWC in a ?lter, equally. 

[0034] This is equivalent to designing the HWC to have a 
slightly different resonant Wavelength then the surrounding 
QWS’s. 

[0035] This change directly affects the relative rate at 
Which the S and P-polariZation bandpasses angle-tune. To 
achieve the goal of having the S and P bandpasses tune 
together With increasing AOI, a loW-index HWC is made to 
be resonant at longer Wavelength than the QWS, and a 
high-index HWC is made to be resonant at a shorter Wave 
length than the QWS. 

[0036] Method 2. Add (or subtract) a small (less than 1A 
Wavelength) increment of thickness to a layer, then subtract 
(or add) the same increment from an adjacent or nearby 
layer. 

[0037] 2a) This technique can be applied to a QWS as 
folloWs: 

[0039] Where A is the small increment of thickness. 

[0040] 2b) This technique can also be used to modify 
a HWC like the folloWing: 

[0041] As a variation of this method, the increment and/or 
its correcting anti-increment may be distributed betWeen 
more than 2 layers as folloWs: 

[0042] . . . (nL+ot)(mH-[3)(pL+6) . . . , 

[0043] Where 0t, [3,6 are small (negative or positive) incre 
ments of thickness such that: 

[0044] ot+6=[3, (Where [3 is also alloWed to be Zero) 

[0045] 2c) This method involves adding an increment 
to one or more layers of a HWC, then subtracting the 
same aggregate increment from one or more layers 
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of the HWC. An example, Where this method is 
applied to the layers at the edges of a HWC is: 

[0046] . . . H L (ZH-A) [2mL] (2H+A) L H . . . 

[0047] an asymmetric composite HWC eXample is: 

[0048] . . . (2H+A)(2L—A) 

[0049] Where A is a positive or negative increment of 
thickness. The method Will still Work if there is more than 
one intervening layer, but there is generally no advantage to 
doing so. 

[0050] In general, the various embodiments of method (2) 
alloW the S and P polariZation bandpass tuning rates to be 
usefully controlled When they are either applied to an entire 
QWS, or to all HWC’s in the ?lter. 

[0051] Method 3. Replace the uniform and/or symmetric 
HWC’s With asymmetric, composite HWC’s. Composite 
HWC’s can cause the S and P polariZations to become 
coincident. Making the composite HWC’s asymmetric often 
means that the HWC’s can be much smaller than those 
resulting from symmetric designs. As smaller HWC’s result 
in larger free spectral ranges, this is an advantage. 

[0052] An eXample of a ?lter incorporating this design 
rule is: 

[0053] 
[0054] Where m, n, p, and q are integers. 

. . . (HL)m(2nH 2pL)(LH)q . . . 

[0055] The various types of ?lter design modi?cations 
(methods (1), (2a), (2b), (2c) and 3) described above can be 
used singly or in any combination in order to control the 
polariZation characteristics of thin-?lm interference ?lters 
Without upsetting the use of an interferometric monitoring 
system—hence keeping the crucial error correlations nec 
essary to successfully build ultra narroW-bandpass ?lters for 
DWDM netWork use. 

[0056] The basic ?lter design modi?cation algorithm is 
iterative: 

[0057] Start With ?lter design Which meets normal inci 
dence requirements, but has unacceptable polariZation char 
acteristics at higher angles of incidence (AOI). 

[0058] Modify ?lter design With some combination of 
design modi?cation types (1), (2a), (2b), (2c) and 3. If the 
resulting design is acceptable, stop. If not, modify again, and 
so on. 

[0059] The modifying step can use any knoWn optimiZa 
tion methods of generating neW design modi?cations includ 
ing; eXhaustive search, gradient descent, simulated anneal 
ing, genetic algorithms, or any other method knoWn to the 
art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0060] FIG. 1A (Prior Art) is a schematic diagram of a 
quarter Wave stack. 

[0061] FIG. 1B (Prior Art) is a schematic diagram of tWo 
QWS’s 100 combined With a Half Wave Cavity (HWC) 
layer 110 to form a narroW bandpass ?lter. 

[0062] FIG. 1C (Prior Art) is a schematic diagram of 
several single cavity ?lters that are combined into a multiple 
cavity ?lter. 
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[0063] FIG. 2 (Prior Art) is a plot of the bandpass of a thin 
?lm ?lter that is angle-tuned aWay from the central Wave 
length of a multiple cavity polariZation dependent ?lter of 
prior art. 

[0064] FIG. 3 is diagram illustrating a ?lter design having 
cavities modi?ed according to method (1) of the present 
invention. 

[0065] FIG. 4 is a plot of the bandpass of the thin ?lm of 
FIG. 3. 

[0066] FIG. 5 is diagram illustrating a ?lter design With 
quarter Wave stacks modi?ed according to method (2a) of 
the present invention. 

[0067] FIG. 6 is a plot of the bandpass of the thin ?lm of 
FIG. 5. 

[0068] FIG. 7 is diagram illustrating a ?lter design having 
cavities modi?ed according to method (2b) of the present 
invention. 

[0069] FIG. 8 is a plot of the bandpass of the thin ?lm of 
FIG. 7. 

[0070] FIG. 9 is a How diagram illustrating the iterative 
design method for designing polariZation-independent thin 
?lm ?lters according to the present invention. 

[0071] FIG. 10 is a plot of the bandpass of a ?rst thin ?lm 
?lter incorporating an asymmetric partitioned cavity accord 
ing to method 3. 

[0072] FIG. 11 is a plot of the bandpass of a second thin 
?lm ?lter incorporating an asymmetric partitioned cavity 
according to method 3. 

[0073] FIG. 12 is a plot of the bandpass of a third thin ?lm 
?lter incorporating an asymmetric partitioned cavity accord 
ing to method 3, and further including a design modi?cation 
to the cavity according to method 2(b). 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS: 

[0074] FIG. 3 is diagram illustrating a ?lter design 
according to method (1) of the present invention. Method (1) 
is as folloWs: 

[0075] Method (1): Add (or subtract) a small increment of 
thickness to each HWC in a ?lter, equally. 

[0076] for all HWC in the ?lter. 

[0077] This is equivalent to designing the HWC to have a 
slightly different resonant Wavelength then the surrounding 
QWS’s. 

[0078] This change directly affects the relative rate at 
Which the S and P-polariZation bandpasses angle-tune. To 
achieve the goal of having the S and P bandpasses tune 
together With increasing AOI, a loW-indeX HWC is made to 
be resonant at longer Wavelength than the QWS, and a 
high-index HWC is made to be resonant at a shorter Wave 
length than the QWS. 

[0079] 

[0080] AIR I (HL)5H(6.05L)(HL)11H (6.05L)(HL)5 
H I GLASS 

In the eXample of FIG. 3, the ?lter prescription is: 
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[0081] Where: 

[0082] L=7»/4 of SiO2 

[0083] H=?»/4 of Ta2O5 

[0084] >1=1525 nm ? 

[0085] And the HWC are cavities at a Wavelength that is 
0.83% of the Wavelength the QWS’s are designed for. 

[0086] FIG. 4 is a plot of the bandpass of the thin ?lm of 
FIG. 3. The right hand plot shoWs the ?lter at 0° incidence, 
and the left hand plot shoWs the ?lter tuned by to a 21° angle 
of incidence. The P-polariZation bandpass is slightly Wider 
than the S-polariZation bandpass, but they are centered at the 
same place and have a large area of overlap. 

[0087] Design rule (1) may also be implemented by 
slightly shortening high-index cavities. An eXample ?lter 
prescription is: 

[0088] AIR I (HL)5H(5.95L)(LH)1OL (5.95H)(LH)5 I 
GLASS 

[0089] FIG. 5 is diagram illustrating a ?lter design 
according to method (2a) of the present invention. Method 
(2a) is as folloWs: 

[0090] Method (2a). Add (or subtract) a small (less than 1A1 
Wavelength) increment of thickness to a layer, then subtract 
(or add) the same increment from an adjacent or nearby 
layer. 

[0091] 2a) This technique can be applied to a QWS as 
folloWs: 

[0093] Where A is the small increment of thickness. 

[0094] 
[0095] AIR I (1.1H 0.9L)6 (6H) 0.9L (1.1H 0.9L)13 

(6H) (0.9L 1.1H)13 0.9L (6H) (0.9L 1.1H)6 0.68L 
1.83 H I GLASS 

[0096] Where: 

[0097] L=7»/4 of SiO2 

[0098] H=?»/4 of Ta2O5 

[0099] >1=1582 nm 

[0100] And A=0.1 quarter Waves 

[0101] Note that the layers adjacent to the glass (0.68L 
1.83 H) are coupling layers. Coupling layers are not indi 
cated in every embodiment herein, as they are Well under 
stood by those skilled in the art of ?lter design. 

[0102] FIG. 6 is a plot of the bandpass of the thin ?lm of 
FIG. 5. The ?lter is tuned by 50 nm (25° angle of incidence). 
Again, the P-polariZation bandpass is Wider than the S-po 
lariZation bandpass, but they are centered at almost the same 
place and have a large area of overlap. 

[0103] FIG. 7 is diagram illustrating a ?lter design 
according to method (2b) of the present invention. Method 
(2b) is as folloWs: 

In the eXample of FIG. 5, the ?lter prescription is: 
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[0104] Method (2b): This technique modi?es a HWC like 
the folloWing: 

[0105] or 

[0106] Recall that interferometric monitoring systems are 
used to monitor thin ?lm manufacturing. These systems pass 
light through the ?lter as the layers are built up in the 
vacuum system. The signal from this monitor goes through 
a maXimum or minimum each time the total thickness of the 
?lter increases by one-quarter Wavelength, and these 
maXima/minima are the “monitor points”. This method is 
even better than method 1, because the compensation means 
that the peak/valley monitor points are returned to the 
appropriate locations. 

[0107] 
[0108] AIR I (HL)5 (097 H)(4.03L) H (LH)1O LH 

(4.03L)(0.97 H) (LH)5 I GLASS 

[0109] Where: 

[0110] L=?»/4 of SiO2 

[0111] H=7»/4 of Ta2O5 

[0112] >1=1582 nm 

[0113] And A=0.1 quarter Waves 

[0114] FIG. 8 is a plot of the bandpass of the thin ?lm of 
FIG. 7. The ?lter is tuned by 45 nm (23° angle of incidence). 
Again, the P-polariZation bandpass is slightly Wider than the 
S-polariZation bandpass, but they are centered at almost the 
same place and have a large area of overlap. 

[0115] Anumber of variations on the ?lter of FIGS. 7 and 
8 give equivalent results. For eXample: 

[0116] AIR I (HL)5 H(4.03L)(0.97H) (LH)1O L (0.97 
H) (4.03L) H (LH)5 I GLASS; 

[0117] AIR I (HL)5 (0.99H)(4.03L)(0.98H) (LH)1O L 
(0.98 H) (4.03L) (0.99H) (LH)5 I GLASS; 

[0118] etc. 

[0119] A generaliZed formula for this ?lter is: 

[0121] Where A+B=X=C+D 

[0122] An even more generaliZed ?lter formula for a ?lter 
of this type is: 

In the eXample of FIG. 7, the ?lter prescription is: 

[0124] Where n, m, p, and q are integers. 

[0125] If the ?lter of FIGS. 3 and 4 Were modi?ed 
according to rule 2a, the ?lter prescription might be: 

[0126] AIR I (HL)4H (1.05L)(5.95H)(LH)1O L 
(5.95H)(1.05L) H (LH)4 I GLASS 

[0127] Where X=—0.05, A=D=—0.05, and B=C=0. 
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[0128] FIG. 13 is a diagram illustrating a ?lter design 
according to method (2c) of the present invention. Method 
(2c) is as follows: 

[0129] 2c) Add an increment to one or more layers of a 
HWC, and subtract the same aggregate increment from one 
or more layers of the HWC. An example, Where this method 
is applied to the layers at the edges of a HWC is: 

[0130] . . . H L (ZH-A) [2mL] (2H+A) L H . . . 

[0131] 

[0132] 

an asymmetric composite HWC eXample is: 

. . . (2H+A)(2L—A) 

[0133] Where A is a positive or negative increment of 
thickness. 

[0134] 
[0135] AIR I (HL)7 H(2.02 L 1.97H 2.03L) H (LH)14 

(2.02 L 1.97H 2.03L) H (LH)7 I GLASS 

In the eXample of FIG. 13, the ?lter prescription is: 

[0136] FIG. 9 is a How diagram illustrating the iterative 
design method for designing polarization-independent thin 
?lm ?lters according to the present invention. The basic 
?lter design modi?cation algorithm is: 

[0137] Start at step 902 With a ?lter design Which meets 
normal incidence requirements, but has unacceptable polar 
iZation characteristics at higher angles of incidence (AOI). 
In step 904, modify the ?lter design With some combination 
of design modi?cation rules 1, 2a, 2b, 2c, and 3. Step 906 
tests Whether the resulting ?lter’s polariZation characteris 
tics at high AOI are acceptable. If No, then process returns 
to step 904. If Yes, process ends at step 908. 

[0138] The iterative process of steps 904 and 906 can use 
any knoWn optimiZation methods of generating neW design 
modi?cations including; 

[0139] exhaustive search, gradient descent, simulated 
annealing, genetic algorithms, or any other method knoWn to 
the art. 

[0140] FIGS. 10-12 are plots illustrating thin ?lm designs 
incorporating method (3) of the present invention. In each 
case the normal incident plot is on the right hand side, and 
the high incident angle (~20°) plot is on the left hand side. 

[0141] Method (3) is as folloWs: 

[0142] Method 3. Replace the uniform and/or symmetric 
HWC’s With asymmetric, composite HWC’s. Composite 
HWC’s can cause the S and P polariZations to become 
coincident. Making the composite HWC’s asymmetric often 
means that the HWC’s can be much smaller than those 
resulting from symmetric designs. As smaller HWC’s result 
in larger free spectral ranges, this is an advantage. 

[0143] An eXample of a ?lter incorporating this design 
rule is: 

[0144] . . . (HL)m(2nH 2pL)(LH)q . . . 

[0145] Where m, n, p, and q are integers. 

[0146] FIG. 10 is a plot of the bandpass of a ?rst thin ?lm 
?lter incorporating an asymmetric partitioned cavity accord 
ing to method 3. The ?lter prescription is: 

[0147] AIR I (HL)6 (5H 2L) (HL)13(5H 2L) (HL)6 H 
I GLASS 
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[0148] Note that the HWC’s in this ?lter include an odd 
number of quarter Wavelengths (5H 2L) rather than the usual 
even number. This is because the interface entering the 
HWC and the interface leaving the HWC are both L to H 
interfaces. Hence, an odd number of quarter Wave layers is 
required in order to achieve positive interference Within the 
HWC, since the re?ections at the front and back of the cavity 
are noW in phase. 

[0149] FIG. 11 is a plot of the bandpass of a second thin 
?lm ?lter incorporating an asymmetric partitioned cavity 
according to method 3. The ?lter prescription is: 

[0150] AIR I (HL)6 (2H 7L) (HL)6 (2H 7L) (HL)6 I 
GLASS 

[0151] This plot illustrates that a thin ?lm ?lter With 
asymmetric HWC’s having an even number of H layers and 
an odd number of L layers is also effective. Note that the 
HWC’s in this ?lter include an odd number of quarter 
Wavelengths for the reasons set out above. 

[0152] FIG. 12 is a plot of the bandpass of a third thin ?lm 
?lter incorporating an asymmetric partitioned cavity accord 
ing to method 3, and further including a design modi?cation 
to the cavity according to method 2(b). The ?lter prescrip 
tion is: 

[0153] AIR I (HL)7 (1.99H 3.01L) (HL)7(1.99H 
3.01L) (HL)7 I GLASS 

[0154] Here, the asymmetric partitioned cavity (nominally 
2H 3L has been further modi?ed according to method 2(b) 
to be 2-AH 3+AL, Where A equals 0.01. 

What is claimed is: 
1. Amethod for designing a polariZation-independent thin 

?lm optical interference ?lter comprising the steps of: 

a) selecting an original current ?lter design including a 
plurality of loW-indeX quarter Wave layers adjacent to 
high indeX quarter Wave layers (LH or HL) forming 
quarter Wave stacks (QWS) and multiple thicknesses of 
loW-indeX quarter Wave layers and/or of high indeX 
quarter Wave layers forming half Wave cavities (HWC); 

b) modifying the current ?lter design according to at least 
one of design rule 1, design rule 2, or design rule 3 to 
produce a modi?ed ?lter design; 

c) testing the current ?lter design to determine Whether 
the current ?lter design meets a predetermined polar 
iZation-independence criterion; and 

d) if the current design does not meet the criterion 
returning to step (b); 

Wherein design rule 1 includes: increasing or decreasing 
the thicknesses of HWC’s in the ?lter by a small (less 
than 1A Wavelength) increment; 

design rule 2 includes: adding small increments (less than 
1A Wavelength) to one or more layers and correspond 
ingly subtracting equivalent aggregate increments from 
one or more adjacent or nearby layers; and 

design rule 3 includes: replacing HWC’s With asymmetric 
composite HWC’s. 
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2. The method of claim 1, wherein design rule 2 com 
prises design rules 2(a), 2(b), and 2(c) Wherein: 

design rule 2(a) includes—adding small increments to 
quarter Wave layers of either high or loW indeX char 
acteristic, and subtracting equivalent increments from 
quarter Wave layers of the opposite indeX characteristic; 

design rule 2(b) includes—adding or subtracting a small 
increment (less than 1A Wavelength) to/from a HWC 
and subtracting or adding equivalent aggregate small 
increments to adjacent or nearby quarter Wave layer or 
layers to compensate; and 

design rule 2(c) includes—adding small increments to one 
or more layers of a HWC and subtracting equivalent 
aggregate increments from one or more layers of the 
HWC. 

3. Amethod for designing a polariZation-independent thin 
?lm optical interference ?lter comprising the steps of: 

a) selecting an original current ?lter design including a 
plurality of loW-indeX quarter Wave layers adjacent to 
high indeX quarter Wave layers (LH or HL) forming 
quarter Wave stacks (QWS) and multiple thicknesses of 
loW-indeX quarter Wave layers and/or of high indeX 
quarter Wave layers forming half Wave cavities (HWC); 

b) increasing or decreasing the thicknesses of HWC’s in 
the ?lter by a small (less than 1A Wavelength) incre 
ment; 

c) testing the current ?lter design to determine Whether 
the current ?lter design meets a predetermined polar 
iZation-independence criterion; and 

d) if the current design does not meet the criterion 

returning to step 4. Amethod for designing a polariZation-independent thin 
?lm optical interference ?lter comprising the steps of: 

a) selecting an original current ?lter design including a 
plurality of loW-indeX quarter Wave layers adjacent to 
high indeX quarter Wave layers (LH or HL) forming 
quarter Wave stacks (QWS) and multiple thicknesses of 
loW-indeX quarter Wave layers and/or of high indeX 
quarter Wave layers forming half Wave cavities (HWC); 

b) adding small increments (less than 1A Wavelength) to 
one or more layers and correspondingly subtracting 
equivalent aggregate increments from one or more 
adjacent or nearby layers; 

c) testing the current ?lter design to determine Whether 
the current ?lter design meets a predetermined polar 
iZation-independence criterion; and 

d) if the current design does not meet the criterion 

returning to step 5. The method of claim 4, Wherein step(b) comprises 
either: 

adding small increments to quarter Wave layers of either 
high or loW indeX characteristic, and subtracting 
equivalent increments from quarter Wave layers of the 
opposite indeX characteristic; 

adding or subtracting a small increment (less than 1A 
Wavelength) to/from a HWC and subtracting or adding 
equivalent aggregate small increments to adjacent or 
nearby quarter Wave layer or layers to compensate; or 
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adding small increments to one of more layers of a HWC 
and subtracting equivalent aggregate increments from 
one or more layers of the HWC. 

6. Amethod for designing a polariZation-independent thin 
?lm optical interference ?lter comprising the steps of: 

a) selecting an original current ?lter design including a 
plurality of loW-indeX quarter Wave layers adjacent to 
high indeX quarter Wave layers (LH or HL) forming 
quarter Wave stacks (QWS) and multiple thicknesses of 
loW-indeX quarter Wave layers and/or of high indeX 
quarter Wave layers forming half Wave cavities (HWC); 

b) replacing HWC’s With asymmetric composite HWC’s; 

c) testing the current ?lter design to determine Whether 
the current ?lter design meets a predetermined polar 
iZation-independence criterion; and 

d) if the current design does not meet the criterion 
returning to step 

7. An improved thin ?lm interference ?lter based upon a 
?lter having a plurality of loW-indeX quarter Wave layers (L) 
adjacent to high indeX quarter Wave layers forming 
quarter Wave stacks (QWS) at a given Wavelength and 
multiple thicknesses of loW-indeX quarter Wave layers and/ 
or of high indeX quarter Wave layers forming half Wave 
cavities (HWC’s) at the given Wavelength, Wherein the 
improvement comprises of at least one of the folloWing 
variations: 

a) at least one of the HWC’s is replaced by a slightly 
thinner or thicker near-HWC at the given Wavelength; 

b) the QWS’s are replaced by near-QWS’s comprising a 
plurality of loW-indeX near quarter Wave layers (near 
QWL’s) adjacent to high indeX near-QWL’s; Wherein 
the thickness of the high-index near-QWL’s are either 
slightly thickened or slightly thinned and the thickness 
of the loW-indeX near-QWL’s are either correspond 
ingly slightly thinned or slightly thickened to compen 
sate; 

c) the HWC’s are replaced by slightly thinner or slighter 
thicker near-HWC’s and one or more nearby or adja 
cent layers are correspondingly either slightly thick 
ened or slightly thinned to compensate; 

d) small increments are added to one of more layers of a 
HWC and equivalent aggregate increments are sub 
tracted from one or more layers of the HWC; 

(e) HWC’s are replaced by asymmetric composite HWC’s 
having the form (2mH 2nL) or (2mL 2nH); or 

(f) HWC’s are replaced by asymmetric composite HWC’s 
having the form (2mH (2n—1)L) or (2mL (2n—1)H). 

8. An improved thin ?lm interference ?lter based upon a 
?lter having a plurality of loW-indeX quarter Wave layers (L) 
adjacent to high indeX quarter Wave layers forming 
quarter Wave stacks (QWS) at a given Wavelength and 
multiple thicknesses of loW-indeX quarter Wave layers and/ 
or of high indeX quarter Wave layers forming half Wave 
cavities (HWC’s) at the given Wavelength, Wherein the 
improvement comprises: 

replacing at least one of the HWC’s by a slightly thinner 
or thicker near-HWC at the given Wavelength. 

9. An improved thin ?lm interference ?lter based upon a 
?lter having a plurality of loW-indeX quarter Wave layers (L) 
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adjacent to high index quarter Wave layers forming 
quarter Wave stacks (QWS) at a given Wavelength and 
multiple thicknesses of loW-indeX quarter Wave layers and/ 
or of high index quarter Wave layers forming half Wave 
cavities (HWC’s) at the given Wavelength, Wherein the 
improvement comprises: 

adding small increments (less than 1A Wavelength) to one 
or more layers and correspondingly subtracting equiva 
lent aggregate increments from one or more adjacent or 
nearby layers. 

10. The ?lter of claim 10 Wherein the QWS’s are replaced 
by near-QWS’s comprising a plurality of loW-indeX near 
quarter Wave layers (near-QWL’s) adjacent to high indeX 
near-QWL’s; Wherein the thickness of the high-index near 
QWL’s are either slightly thickened or slightly thinned and 
the thickness of the loW-indeX near-QWL’s are either cor 
respondingly slightly thinned or slightly thickened to com 
pensate. 

11. The ?lter of claim 10 Wherein the HWC’s are replaced 
by slightly thinner or slighter thicker near-HWC’s and one 
or more nearby or adjacent layers are correspondingly either 
slightly thickened or slightly thinned to compensate. 
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12. The ?lter of claim 10 Wherein small increments are 
added to one or more layers of a HWC and equivalent 
aggregate increments are subtracted from one or more layers 
of the HWC. 

13. An improved thin ?lm interference ?lter based upon 
a ?lter having a plurality of loW-indeX quarter Wave layers 
(L) adjacent to high indeX quarter Wave layers forming 
quarter Wave stacks (QWS) at a given Wavelength and 
multiple thicknesses of loW-indeX quarter Wave layers and/ 
or of high indeX quarter Wave layers forming half Wave 
cavities (HWC’s) at the given Wavelength, Wherein the 
improvement comprises: 

replacing HWC’s With asymmetric composite HWC’s. 
14. The ?lter of claim 13 Wherein the HWC’s are replaced 

by asymmetric composite HWC’s having the form (2mH 
2nL) or (2mL 2nH). 

15. The ?lter of claim 13 Wherein the HWC’s are replaced 
by asymmetric composite HWC’s having the form (2mH 
(2n—1)L) or (2mL (2n—1)H). 


